Large yield and low temperature growth of nanostructures are key requirements for fulfilling the demand of large scale applications of nanomaterials. Here, we report a highly efficient chemical method to synthesize high quality hexagonal ZnO nanoparticle and nanorods utilizing the low temperature oxidation of metallic zinc powder in the presence of an appropriate catalyst. This one-step method has advantages such as low temperature (90 C) and atmospheric pressure synthesis and a high yield (>90%). Microstructure and optical properties of the as-synthesized ZnO nanoparticles are found to be identical or better than those of the commercial ZnO nanopower (Sigma-Aldrich). In particular, in comparison to the commercial nanopowder the as-grown ZnO nanorods and nanoparticles exhibit stronger UV absorption at 376 nm and intense UV photoluminescence emission at ∼382 nm, with negligible defect emission band. This method is suitable for large-scale production of nanosized ZnO and could be extended for the synthesis of other metal oxides.
INTRODUCTION
Large yield and controlled synthesis of nanostructures are key components for the manufacturing of nanodevices. For nanomaterials, achieving higher purity and crystalline structure are important for studying their physical and chemical properties. Nanostructured ZnO materials have drawn broad attention due to its wide range of applications in ultraviolet (UV) lasers, 1 power generators, 2 solar cells, 3 gas sensors, 4 field emission devices, 5 capacitors, varistors, transparent UV resistance coating, photoprinting, electrophotography, electrochemical and electromechanical nanodevices, sun screen lotion (cream), cosmetic and medicated creams etc. [6] [7] [8] [9] Some of the future applications include catalysts for organic reactions and delivering drugs to infected areas of body.
Many synthetic methodologies for zero-and onedimensional ZnO nanostructures have been developed, [10] [11] [12] including vapor phase methods 13 and aqueous methods. 14 The vapor-phase method usually employs vacuum, sophisticated equipment and elevated temperature which restrict the type of substrate used, in contrast to the low-cost and * Author to whom correspondence should be addressed.
simple aqueous methods. However, simple methods for preparation of high quality nanostructures with high yield and good control on shape and size are very less. Among the aqueous methods, the hydrothermal method 15 has emerged as a powerful method for the fabrication of one-dimensional nanomaterials with some significant advantages, such as controllable structures and a costeffective, low-temperature, substrate independent and lesscomplicated technique. However, yield and quality of the product material is usually not addressed. For example, Kale et al. 16 reported synthesis of high-yield of flowerlike ZnO nanorods using a hydrothermal method. However, near band edge UV emission was not observed from those samples due to poor quality of the material and large defect concentration. Similarly, large-scale synthesis of ZnO flower-like and brush pen-like nanostructures by a hydrothermal decomposition route showed very weak UV emission and strong green emission. 17 In majority of the studies, the product suffers from poor optical properties due to presence of large concentration of intrinsic defects in ZnO. Chu et al recently reported a solution-based, highyield synthesis of cobalt-doped ZnO nanorods with room temperature ferromagnetism. 18 Xu et al. reported on the high-yield synthesis of single-crystalline ZnO hexagonal nanoplates. 19 However, the reported studies have product yield below 50%. Hence, large scale and high yield synthesis of defect free ZnO nanostructures is imperative to meet the demand for emerging applications.
In this paper, we report a simple, low cost, low temperature method with high yields (>90%) of synthesizing ZnO nanostructures using two different catalysts. Depending on the catalyst and reaction conditions, different shapes such as nanorods, nanoneedles, hexagonal nanoparticles (NPs), nanoflower-like structures are obtained. The assynthesized ZnO nanostructures were characterized using X-ray diffraction (XRD), Scanning electron microscope (SEM), UV-visible absorption, photoluminescence (PL) and Raman spectra. The results are compared with those of the commercially available ZnO nanopowders (Sigma Aldrich, mean particle size 50-70 nm).
EXPERIMENTAL DETAILS

Synthesis of ZnO Nanostructures
All chemicals with high purity were used as purchased from Merck and Sigma Aldrich. In a typical reaction, 1.2 g of Zn powder was added to a round bottom flask fitted with a reflux condenser. Water and 30% H 2 O 2 solution were added to this flask which was stirred continuously at 90 C for 5 hrs. Water to H 2 O 2 ratio was 1:1 (v/v) for all the reactions. Two different catalysts, namely acetic acid (Catalyst A) and trifluoroacetic acid (catalyst B) were used for these reactions and either of the two was added to the reaction mixture after few minutes of starting the reaction. White colored precipitates were formed in the reaction solution indicating the formation of ZnO, which were separated by centrifuge and subsequently washed with distilled water. The powder formed was dried in vacuum. It was observed that all the reactions yielded 90-95% yield and the reaction could be scaled to much higher quantities without appreciable loss in the final product. The reaction pathway leading to high yield ZnO product could be as follows:
(1)
We have found that at 90 C during the initial stage of reaction, primarily ZnO 2 is formed along with ZnO, and the ZnO 2 later converts to ZnO for longer duration reaction. In such as growth, one can expect a ZnO core with thin ZnO 2 shell even for sufficient reaction time. The catalyst plays an important role in deciding the morphology of the NPs. We find that at a fixed temperature of reaction, use of acetic acid yields preferably hexagonal ZnO NPs, and trifluoroacetic acid induces the growth of ZnO nanorods. With the increase of reaction time, the quality of the ZnO nanopowder improves. We find that size of the NPs or nanorods do not depend on the initial size of the Zn particles used for reaction. Similar product was also found using Zn nanopowders as starting material. For convenience of discussion, the sample prepared with catalyst A for 5 1/2 hrs of reaction is named as ZnO33, the sample prepared with catalyst B for 6 hrs of reaction is referred as ZnO32 and the commercial ZnO nanopowder is referred as ZnO_nano.
Microstructure and Optical Characterization
The as-grown ZnO NPs were then characterized using a powder X-ray diffraction (XRD) system (Seifert 3003 T/T), scanning electron microscope (SEM) and Transmission electron microscopy (TEM). SEM measurements were performed using Model LEO 1430VP for studying the morphology of nanoparticles. Energy dispersive X-ray (EDX) analysis was performed using the same SEM apparatus. High resolution (HR) TEM measurements were carried out with 200 keV electrons (2010 UHR JEOL). Optical properties of the powders were studied using UV-visible absorption, photoluminescence and Raman measurements. UV-visible absorption spectra were taken using a commercial spectrophotometer (Shimadzu 3101 PC). Photoluminescence spectra were obtained at room temperature using He-Cd laser (325 nm) as an excitation source and Jobin-Yvon T64000 spectrometer equipped with a cooled charged coupled detector. Raman spectra were recorded in the backscattering geometry using vertically polarized 488 nm Ar + laser beam, double grating monochromator and cooled photo multiplier tube.
RESULTS AND DISCUSSION
Structure and Morphology
XRD pattern of ZnO33 and ZnO32 grown with catalyst A and B, respectively are shown in Figure 1 . For comparison, XRD pattern of commercially procured ZnO nanopowder is also shown in the same figure. The patterns show distinct peaks related to the hexagonal structure of the ZnO, and a very low intensity peak (marked with arrow) corresponding to ZnO 2 . Line widths of the ZnO related peaks are almost identical in these three samples. High intensity and narrow line width of the spectra are indicative of the good crystallinity of the NPs. Depending on the growth time and reaction temperature, the crystallinity of the product varies. It is found that crystallite size grows with increasing reaction time at an appropriate temperature. High quality of ZnO nanopowder was obtained after 6 hours of reaction with catalyst B at 90 C. XRD analysis reveals that besides the ZnO peaks, intensity of the ZnO 2 peak is significant for the product obtained with shorter duration (1 1/2 hr to 3 hrs) of reaction. With increasing reaction time, intensity of ZnO peak grows gradually at a cost of decrease of ZnO 2 peak, and after 6 hrs of reaction crystalline ZnO peak is very strong, with negligible content of ZnO 2 . As the ZnO NPs size grows with reaction time, the line width of the XRD pattern decreases with increasing reaction time. Ignoring the effect of anisotropic strain on the XRD line shape broadening and using Scherrer formula we estimate average size of ZnO crystallites as ∼50 nm after 4 hours of reaction and ∼90 nm after 6 hrs reaction. XRD line profile shows that the sample obtained after 1/2 hr of reaction has average crystallite (ZnO) size <10 nm.
The morphology of the nanostructures obtained after 4 hours of reaction was studied using SEM. The SEM images as shown in Figures 2(a)-(c) exhibit varieties of typical shapes obtained in this method, such as, hexagonal NPs, nanorods, nanoneedles and nanoflowers, depending on the catalysts and reaction time. For comparison, morphology of commercial ZnO nanopowders is shown in Figure 2(d) . EDX spectra taken on all four samples show higher fraction of oxygen content in the product due to presence of ZnO 2 shell over ZnO core NPs and a proper stoichiometry of Zinc and oxygen is obtained after 6 hours of reaction. The higher oxygen content is due to the presence of ZnO 2 in the product formed with 4 hrs of reaction. HRTEM images of ZnO33 (5 1/2 hrs reaction) is shown in Figure 4 . Figure 4(a) shows the morphology of the hexagonal ZnO NPs and the corresponding SAED pattern indicating crystallinity of the product. The NP shape grows to perfectly hexagonal shape after in this sample, while a truncated hexagonal shape was obtained after 4 hrs of reaction. Figure 4 of the nanorod shown in Figure 4 (b) reveals the dark core region is surrounded by a relatively bright thin shell region. Thus the as-grown nanorods have a core-shell structure with crystalline ZnO in the core and a thin ZnO 2 shell region. This is consistent with the XRD pattern shown in Figure 1 . Optical properties of such a core-shell structure are expected to be different from the one without a shell region.
Optical Properties
UV-Visible absorption spectra of the as-grown ZnO nanopowder and commercial nanopowder are shown in Figure 5 . The room temperature spectra exhibit strong excitonic absorption peaks at ∼378.2 nm and ∼376.2 nm for samples ZnO33 and ZnO32, respectively. The position of the absorption peak closely matches with that of the commercial ZnO nanopowder. It is important to note that ZnO32 samples containing mostly ZnO nanorods show much higher UV absorption as compared to the commercial nanopowder. This is attributed to large surface area of the nanorods as compared to the irregular shaped NPs in ZnO_nano sample. This high absorbance of the
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High-Yield Chemical Synthesis of Hexagonal ZnO Nanoparticles and Nanorods with Excellent Optical Properties as-prepared ZnO nanorods has important implication for applications in optoelectronics and cosmetic industry. Figure 6 shows the comparison of PL spectra for ZnO32, ZnO33 and ZnO_nano. The spectra features are almost identical for all three samples. Different constituents peaks Table I. fitted with Gaussian line shape are shown as solid line. Details of the fitted peaks and possible identity of each peak is given in Table I . Peak positions and line widths of all five peaks are very similar in these samples. The ∼380 nm emission originates form the recombination of free excitons through an exciton-exciton collision process corresponding to near band edge (NBE) emission of wide band gap ZnO. 20 This peak is the most important signature of the high quality of the product. The 390 nm peak is due to transition in the band-tail states of ZnO nanorods. These band-tail states are caused by the disorder/defects at the surface of the nanorods. 21 22 Further, an inspection of the relative intensity of the UV and visible peaks reveals that ZnO nanorods have stronger band-edge emission than the ZnO NPs. The intensity of the green emission is less in ZnO32 as compared to both ZnO_nano and ZnO33 samples, indicating superior quality of the product obtained after 6 hrs of reaction with catalyst B. Thus, the nanorods obtained in our methods have superior UV absorption as well as UV emission properties as compared to the commercial ZnO nanopowder. The bands in the visible region are related to zinc vacancy and oxygen vacancies. 23 24 The peak E at ∼590 nm is related to surface defects/disorder of ZnO nanorods. The ZnO32 samples show very low intensity peak in the visible region and hence defect concentration is extremely low in this sample. Further improvement in optical properties can be made by thermal annealing of the as-prepared product. We find that sample prepared with 4 hrs of reaction shows strong visible PL emission (>500 nm) besides the expected strong UV emission from ZnO. The visible emission belied to be due to the presence of ZnO 2 and the surface defects in the nanorods. One may expect to suppress the visible emission by thermal annealing of the as-grown product. Figure 7 show a comparison of the Raman spectra of commercial ZnO nanopowder and the as-grown ZnO nanorods and NPs. The spectra show several peaks characteristics of vibrational modes in ZnO single crystal. The peak positions and full width at half maxima (FWHM) are derived by the fitting Lorentzian line shapes to the spectra in each case. Peak at ∼328 cm −1 in Figure 6 (b) is due to E 2H -E 2L mode. Peaks at 376.8 cm −1 and 415.9 cm −1 are due to well known A 1 (TO) and E 1 (TO) modes. The modes E 1 (TO) and A 1 (TO) reflect the strength of the polar lattice bonds. These two modes are relatively weak in ZnO33 sample. E high 2 mode at 436.4 cm −1 is most prominent in these samples, similar to bulk ZnO. The E high 2 mode represents the band characteristic of wurtzite phase. 25 Peak position and FWHM are almost identical in these three samples including commercial ZnO nanopowders (Sigma Aldrich), suggesting again an excellent crystallinity of the samples. This is consistent with the HRTEM studies. Peak at 572.9 cm −1 is related to A 1 (LO) mode. In bulk ZnO, A 1 (LO) mode at 578 cm −1 has been attributed to oxygen vacancy or zinc interstitial or their complexes. 26 Table I. Summary of the fitted PL peaks shown in Figure 6 . A Gaussian line shape is fitted for each peak. are fitted with Lorentzian line shape after background subtraction.
Peak position in nm (FWHM in nm)
CONCLUSIONS
We have synthesized high quality hexagonal ZnO nanopoarticles and nanorods by catalyst driven oxidation of metallic zinc at a low temperature and atmospheric pressure. This method yields greater than 90% of high purity product in the presence of any of the two catalysts. A ZnO/ZnO 2 core-shell structure is formed in products obtained with shorter duration of reaction. The optical properties of the as-prepared products are found to be superior to the commercial ZnO nanopowder. The XRD pattern shows excellent crystallinity of the product. The SEM and TEM images show hexagonal cross section of the NPs and nanorods. As-grown samples show strong UV absorption peak at ∼378 nm. Room temperature PL spectra show strong UV emission peak at ∼380 nm and negligible green emission, indicating good optical properties of the samples. Raman scattering studies confirmed high crystallinity of the ZnO nanostructures.
